The investigation of single electron tunneling effects ͑Coulomb blockade, Bloch oscillations, and Coulomb staircase 1 ͒ and devices with a coherent control of macroscopic quantum states such as single electron and Cooper pair boxes 2 has been so far limited to low T C metal superconductors. No clear observation of these effects in high T C superconductors has yet been reported in the literature. The effects of charging energy in small Josephson junctions have been the subject of intensive theoretical study. [3] [4] [5] Experiments on very small junctions can provide important information about the validity of quantum mechanics on the microscopic scale. [6] [7] [8] There are two energy scales in Josephson junctions. First, the Josephson coupling energy E J = hI J /4e, which is the energy associated with the macroscopic variable , that permits the transport of Cooper pairs between the electrodes. ͑ is the phase difference between the junction electrodes, I J is the Josephson current, and h is Planck's constant.͒ Second, the charging energy E C = e 2 /2C, where C is the junction capacitance, associated with Q ͑the Cooper pair charge difference between the electrodes͒, that tends to localize the charge carriers. The behavior of the junction is determined by the ratio of these two energies. When E J ӷ E C , the junction is in the conventional Josephson regime, and the phase is well determined. When E C ӷ E J , the phase is undetermined, so the system is subject to strong quantum fluctuations and the Coulomb blockade pins the Cooper pairs to the electrodes. The single electron tunneling processes, characterized by the tunneling conductance 1 / R T , where eV is the relevant energy scale, should not be too strong, 1 / R T ഛ 4e 2 / h. The effect of strong quasiparticle tunneling between the electrodes modifies the energy levels and above a critical strength, where a phase transition occurs, makes the single electron effects almost unobservable. ͑NBCO/PBCO/NBCO͒ trilayers used in this study were fabricated by pulsed laser deposition ͑PLD͒. Single film deposition is described elsewhere. 9, 10 The crystal structure of these trilayers was analyzed by using an x-ray diffractometer ͑XRD͒ and Rutherford backscattering spectrometer ͑RBS͒. Transmission electron microscopy ͑TEM͒ show quasihomoepitaxial growth between the NBCO/PBCO/NBCO interfaces. 10 Planar tunneling junctions with widths varying from 1 to 10 m were fabricated from these c-axis NBCO/ PBCO/NBCO trilayers by using electron beam lithography ͑EBL͒ and standard photolithographic and ion milling techniques. We measured the current-voltage characteristics ͑CVCs͒ of NBCO/PBCO/NBCO tunnel junctions with different E C / E J ratios. By varying E C / E J , we have swept from the conventional Josephson effect regime ͑E C Ӷ E J ͒ well into the opposite regime, in which E C ӷ E J , and the behavior is dictated by the charging energy E C . This superconducting to single electron tunneling transition induced by the charging energy is shown in Fig. 1 , where CVC curves are plotted for two samples with different E C / E J ratios. The Josephson coupling energy E J is determined by the junction resistance R N and ⌬, the BCS gap of the superconducting electrodes: E J = hI J /4e = ␣⌬ / 2,where ␣ = R 0 / R N and R 0 = h /4e 2 ͑where R 0 is the quantum resistance͒. For the estimation of the charging energy E C = e 2 /2C, we use the junction capacitance value obtained from the asymptotic voltage offset ⌬V, E C = e⌬V /2. ⌬V was determined by careful extrapolation of the linear part of the CVC curve from voltages greater than 2⌬ / e. The current is suppressed at voltages below the threshold value V = e /2C. This CVC response is suggestive of the Coulomb blockade effect, observed in tunnel junctions, [11] [12] [13] in which the charging energy is completely dominant. At low voltages, charge is trapped in the electrodes and the dynamic resistance is very large. For V Ͼ e /2C, however, electrons can acquire enough energy from the source to make tunneling energetically favorable. From V B , we calculated the sample capacitance C Ϸ 0.003 fF.
For high temperature operation, the Coulomb energy E C should be much larger than the thermal energy k B T. The quantum-mechanical behavior of the junction became more noticeable by increasing the E C / E J ratio, and steplike features were induced in the I-V curves. These discrete steps or the "Coulomb staircase" represent single electron transfer events occurring at the high temperature superconductor ͑HTS͒ electrodes. This is one of the most important phenomena arising from Coulomb blockade. This Coulomb staircase arises from the incremental increase in the current at voltages where it is energetically favorable for an electron to be located in the electrodes. Figure 2 shows the CVCs with the Coulomb staircase. The peak spacing corresponding to the step width of the Coulomb staircase is between 15-30 mV. The step heights show some variation but were typically 30 nA. The conductance oscillations shown in Fig. 2 with periodicity of about 30 mV imply a periodic Coulomb oscillation of the tunneling resistance. The lower peaks of the conductance oscillation correspond to the flat regions of the current of the Coulomb staircase. The tunneling conductance is modulated by the tunneling current in the form h /4e 2 R T ϳ͓sin͑I / I 0 ͒ 2 / ͑I / I 0 ͔͒, where R T is the tunneling resistance, I is the tunneling current, and I 0 is the maximum amplitude of the tunneling current. 14 The general shape of the staircase was reproducible, although the coupling between charge transport and the configuration of the system leads to the hysteresis effect in the CVC as shown in Fig. 3 . The arrow lines refer to increasing and decreasing voltages, correspondingly. Hysteresis is generally an effect of bistability. 15 It occurs because the criterion for switching between two stable configurations depends on from which configuration the system starts. However, the source of this bistability will not be discussed in the scope of this paper.
The observed superconducting to single electron tunneling transitions were induced by localization of charge carriers and the corresponding enhancement of quantummechanical phase fluctuations of the superconducting order parameter. A quantitative comparison is, however, hindered at this stage by the absence of quantitative theoretical predictions for high T C superconductors, by a significant uncertainty in important parameters, and by experimental restrictions in order to measure relevant parameters of the system independently. It is conceivable that the low junction capacitance in our tunneling junctions is due to the proximity of the PBCO layer to the NBCO base and counter electrodes. The charges are distributed inhomogeneously in the electrodes accumulating in that thin layer next to the PBCO barrier. Since the charge density is the result of a displacement of the electronic charge with respect to the ionic background, the integrated density can take any continuous value. Only the charges next to the barrier interact. Their interaction can be described by the capacitance C between the NBCO electrodes. By making the assumption that the NBCO/PBCO interface layer is embedded in a "uniform" PBCO dielectric medium with the dielectric constant ͑ϳ80͒, this implies that the voltage spacing ⌬V = e /2C, where C can be approximated by C Ϸ 2 0 d, and d is the PBCO thickness. Since the uniform PBCO dielectric medium in which the NBCO/ PBCO interface is embedded has a constant Ϸ 80, then C will be consistent with the values we obtained from our experimental data.
Finally, these high E C / E J ratio junctions prominently exhibit charging effects and quantum coherence. We consider this as the clearest observation so far of macroscopic quantum coherent effects for tunneling junctions in high T C superconductors. These results confirm the existence of Coulomb blockade phenomena in HTS. These tunneling devices allow us to study a variety of phenomena related to the quantum mechanics of mesoscopic systems and give a perspective on a solid-state quantum system with considerable interest for direct application in quantum computing.
